In the case of the water treading mode, the lift force variation shows a symmetric pattern between forward and backward stroke. Shyy et al. 14 have offered a detailed review of the current state of the knowledge in these aspects.
In a recent study, Heathcote et al. 17, 18 investigated the effects of stiffness on thrust generation of an airfoil undergoing a plunging motion under various free stream velocities. Direct force measurements
showed that the thrust/input-power ratio was found to be greater for the flexible airfoils than a rigid airfoil.
Also they observed that at high plunging frequencies, the medium flexible airfoil generates the largest thrust, while the most flexible airfoil generates the most thrust at low frequencies.
In this paper we investigate the flapping motion in a uniform stream that mimics the forward insect flight. Specifically, we investigate the airfoil of varying degrees of flexibility under different Reynolds number (9,000 and 100). Specifically, we probe the following questions:
1. How does the structural flexibility affect the fluid flow around an airfoil undergoing a plunging motion?
2. How does the combined structural flexibility and plunging motion affect the geometry of the airfoil and the effective angle attack?
3. How do the above two aspects affect the aerodynamic outcome, namely, the lift and thrust generation?
4. What roles do the pressure and viscous effects play in affecting a flexible, plunging airfoil's aerodynamic performance?
The parameters adopted in the present study are relevant, but not identical, to those in the experimental work of Heathcote and Gursul
18
. In this study our main interest is to assess the above issues qualitatively, with more detailed quantitative investigations to follow in the near future. To study the effect of the flexibility, a finite element model using beam elements is employed. The structural solver is coupled with the flow solver by inner iteration at each time step. A pressure-based flow solver, along with a structured grid redistribution algorithm, capable of handling large translations and rotations characteristics of deform motion, is developed and employed in coupling with the structure solver. The flow-structure coupling is realized by inner iteration in each time step.
II. Numerical Algorithm

A. Flow solver
The fluid dynamics are solved from the incompressible Navier-Stokes equations and the continuity equation, written as
where f ρ is the fluid density, u i is the velocity vector, t is the time, x i is the position vector, p is the pressure, and ν is the kinematic viscosity. The flapping kinematics is described as follows. A schematic of the plunging displacement ( ) h t and pitching angle ( ) α t for the plunging motion mode are shown in Fig. 1 
An additional non-dimensional parameter is introduced following the definition by Heathcote and Gursul 18 .
For hovering, since the freestream velocity is zero, the Reynolds number is defined as A pressure-based Navier-Stokes solver on the structured moving grid is employed in this study. The flow solver is based on the extension of the original SIMPLE family of algorithms 19 , with an employment of the Cartesian and contravariant velocity variables to facilitate strong conservation law formulations and consistent finite volume treatment 19, 20 . The convection terms are discretized using a second-order upwind 
B. Structural solver
To solve for the structural displacements, we propose a 2D finite element method using beam elements.
The displacement y is given by the beam differential equation
where s ρ is the density of the beam, b is the beam height, E is the Young's modulus, I is the area moment of inertia of the cross section of beam element, and q is the distributed loading acting in the same direction of the displacement y .
Non-dimensionalizing by c , ρ , and U , we obtain 
where ( ) denotes again the non-dimensionalized variables. The non-dimensional parameters, density ρ , modulus of elasticity E and inertia area moment of the beam cross section I , are defined as 
Since the Young's modulus E , the densities , f s ρ ρ and velocity scale U are considered to be constant, a representative non-dimensional parameter is then the relative to thickness / b c . The coupling procedure in each time step for the fluid-structure problem is iterated as following: 
(i)
Receive the new airfoil shape from the structure solver (in the first iteration, use previous time step airfoil shape)
(ii) Solve the flow field based on the updated airfoil shape; sub-iteration is used in the flow solver before reaching convergent limit.
(iii) Transfer the load from flow structure solver to the structure solver.
(iv) Solve the structural deformation by sub-iteration. The iteration is stopped after the deformation convergent limit is reached.
(v) If the difference between present and previous deformation is less than the convergent limit, stop iteration.
In summary, the key dimensionless parameters result from Eqs. (3) and (5) 
III. Results and Discussion
Utilizing the computational algorithm introduced above, two cases are investigated. (ii) fluid flow around an airfoil with prescribed shape change: a flat plate with half cylinders at leading and trailing edges are investigated at Reynolds number 100 to probe the mechanism of the thrust generation.
In the following computation, two grids are utilized corresponding to the airfoil introduced above. The two grids are both O-type with 1% thickness relative to the chord length. The grid of the plate with a teardrop element at the leading edge (11.1% relative to the chord length) is shown in Fig. 3 . The distance from the solid wall to the first grid point is 10 -4 with outer boundary locating at 16 chord length from the center (Fig. 3) . The grid size of the flat plate with half cylinders at leading and trailing edges is shown in Fig. 3 .
The distance from the solid wall to the first grid point is 10 -3 with outer boundary locating at 16 chord length from the center. In the following cases, sinusoidal function (Eq. 2) is employed in both plunging and pitching motions in the numerical simulation. Pitching motion is synchronized with the plunging motion with a fixed phase lag / 2 π . The center of pitching motion is at the leading edge of the airfoils. The parameters used in the following are defined by:
where, 
B. Assessment of the Shape Change to the Aerodynamics with Prescribed Deformation
To investigate the effect of the flexibility, a numerical experiment is conducted to study the effect of deformation at low Reynolds number at Re=100. Part of the reason to choose a lower Reynolds number here is to probe both the implications of the airfoil shape change on the aerodynamics, and the roles between pressure and viscous effects associated with a plunging airfoil. Specifically, the plunging amplitude is 0.194
a α = and = /2 φ π . We set one case with prescribed deformation simulating the flexible airfoil and another one performing the same pitching and plunging motion but with no shape change. The displacements of the trailing edges are set exactly the same in these two cases to test the difference in thrust generation (shown in Fig. 8 ). From the above discussion, it seems clear that in response to the aerodynamic loading, a flexible airfoil performs a passive pitching motion to change the effective angle of attack, causing noticeable differences in lift and thrust generation. Furthermore, as evidenced in the case study of the prescribed shape change, even at Re=100, in the plunging motion, the force acting on airfoil is dominated by pressure and the viscous force is of little impact on the overall aerodynamic outcome. Detailed airfoil shape is secondary compared to the equivalent angle of attack.
IV. Conclusion
Navier-Stokes simulations are employed to research the fluid flow around the flexible plunging airfoils in incoming flow to observe fluid dynamic characteristics and the mechanism in generating thrust. The effect of airfoil flexibility is simulated by coupling a finite element structural solver using beam elements with the fluid solver. Prescribed deformation is used in investigation thrust generation mechanism.
Investigation on the computational results indicates:
1. Numerical simulation indicates that the flexible structure causes an equivalent pitching motion. The pitching motion decreases the effective angle of attack. The equivalent pitching motion has a phase angle ahead of the plunging motion, which is consistent with the experimental observation of Heathcote and Gursul 18 .
2. In response to the aerodynamic loading, a flexible airfoil performs a passive pitching motion to change the effective angle of attack, causing noticeable differences in lift and thrust generation. 
